The coordination states of the divalent and trivalent rare earth complexes in ionic liquid, triethyl-pentylphosphonium bis (trifluoromethyl-sulfonyl) 
Thermodynamic properties such as ΔisoG, ΔisoH and ΔisoS for the isomerism of [TFSA] -from trans-to cis-isomer in bulk and the first solvation sphere of the centered [RE 3+ ] cation in [P2225] [TFSA] were evaluated from the temperature dependence in the range of 298-398K. ΔisoG(bulk), ΔisoH(bulk) and TΔisoS(bulk) at 298 K were -1.06, 6 .86, and 7.92 kJ mol -1 , respectively. The trans- [TFSA] -was dominant in the enthalpy due to the positive value of ΔisoH(bulk) and TΔisoS(bulk) was slightly larger than ΔisoH(bulk), so that cis- [TFSA] -was revealed to be an entropy-controlled in 
INTRODUCTION
Rare earth (RE) elements have peculiar physicochemical properties and are indispensable for abrasives, catalysts, fluorescent materials and permanent magnets [1] [2] [3] [4] . In particular, Nd-Fe-B permanent magnets have high ferromagnetic performance and it has been used for a variety of hightech products, such as voice coil motors in hard disk drives, magnetic field sources for magnetic resonance imaging, driving motors for hybrid-type electric vehicles etc. [5] [6] [7] . Nd and Dy are very important RE element for Nd-Fe-B magnets because Nd is main component of Nd-Fe-B alloy and Dy protects the ferromagnetism at high temperatures. However, it is difficult to supply RE elements continuously due to uneven distribution of their resources and diplomatic reasons. Therefore, it is very important to establish a recovery process of Nd and Dy from the spent Nd-Fe-B magnets in order to provide a steady supply of RE resources. For this purpose, our research group has already demonstrated the electrodeposition method of Nd [8] [9] [10] [11] [12] and Dy [13, 14] metals using room-temperature ionic liquids (RTILs), which have several distinctive properties such as low vapor pressure, incombustibility, high ionic conductivity and a wide electrochemical window [15, 16] . In particular, the RTIL composed of phosphonium cation with short alkyl chain and bis(trifluoromethylsulfonyl)amide anion; [TFSA] -was appropriate for the electrodeposition of RE metals because of low viscosity at elevated temperatures and high thermal stability compared with other RTILs [17] .
In general, it was known that the electrodeposition process was remarkably affected by the solvation structure of metal ion in ILs. It was reported that the solvation structures of various metal ions, Li [19] [20] [21] [22] [23] , Mn [24, 25] , Fe [26] , Co [24, 26] , Ni [24, 26] , Zn [24] , Nd [10, 27] , Eu [28] and Dy [29] ions in [TFSA]-based ILs were evaluated by Raman spectroscopy and DFT calculation. It has also revealed that the solvation structures and the electrochemical behaviors of trivalent Nd and Dy cations in order to reveal the electrodeposition mechanism in our previous study [14] . In our findings, the reduction process of trivalent [30] [31] [32] [33] [34] . The ADF package can perform a full-electron calculation for all elements including heavy atoms such as RE metals.
In this way, the methodology both experimental approach and computational analysis enables us to deeply understand the coordination states of RE(II) and RE(III) complexes in ILs. In this paper, the solvation number and the [TFSA] -isomer analysis of RE(II) and RE(III) complexes in [TFSA]-based ILs were investigated from the band intensity analysis and thermodynamic analysis by Raman spectroscopy. Moreover, the optimum geometries and the bonding energies of RE(II) and RE(III) complexes were also examined using ADF package in order to understand the stability of their coordination states.
EXPERIMENTAL

Preparation
The IL of triethyl-n-pentyl-phosphonium bis (trifluoromethyl-sulfonyl) amide; [P 2225 in an aqueous solution, respectively. The unreacted acid and water components in the resulting products were removed by evaporation at 393 K. Nd(TFSA) 3 and Dy(TFSA) 3 salts were dried in vacuo< -0.1 MPa at 393 K for 24 h.
Raman Spectroscopy
At first, four kinds of Nd(III) and Dy(III) solutions were prepared by dissolving the appropriate amounts of Nd(TFSA) 3 and Dy(TFSA) 3 Raman spectra were accumulated 512 times in order to keep a sufficiently high S/N ratio. The overlapping Raman bands were deconvoluted into single component with a pseudo-Voigt function.
Calculation Methods
DFT calculations of ILs were carried out using the Gaussian 09 program package [36] . Moreover, all electron and frozen-core basis sets are available for all elements including lanthanides and actinides because the ADF adopts the Zeroth-Order Regular Approximation (ZORA) method [48] [49] [50] . The frozen-core approximation can be used to considerably reduce the computation time for systems with heavy nuclei. [20, 21] 
RESULTS AND DISCUSSION
Analysis of the Solvation Number
The plot of I f / c M against c T / c M leads a straight line if the solvation number of the Nd cation in [P 2225 ][TFSA] is constant. Thus, the value of n is obtained using n= -β/α from a slope of α= J f and an intercept of β= -J f n. -evaluated from DFT calculations.
Where R and T were a gas constant and an absolute temperature, respectively. In addition, Δ iso G can be expressed as Δ iso G=Δ iso H-TΔ iso S and the Raman intensity; I is I=Jc. When these two equations were substituted for Δ iso G= -RT ln (c cis /c trans ), the following van't Hoff equation [20] was obtained. Then, the value of Δ iso S was also evaluated from the intercept of the van't Hoff plot ( Figure 5 ) based on Eq. (5). It is necessary to consider the J cis /J trans ratio and this value was estimated by means of the relationship of I cis = -(J cis /J trans )I trans + J cis c T [20] . From the slope of the plots of I trans against I cis , it was experimentally determined that the value of J cis /J trans ratio was 0.68. In order to confirm the reliability of this value (0.68), the theoretical calculation for the value of J cis /J trans ratio using DFT method was carried out. The theoretical value of J cis /J trans ratio estimated by B3LYP/6-31+G(d) level method was 0.69. Thus, an experimental value was in good accordance with a theoretical value with high accuracy, so that we applied this value to evaluate the entropy term; Δ iso S. Then, from the obtained value of Δ iso H and Δ iso S, Δ iso G (=Δ iso H-TΔ iso S) at 298 K were estimated as described above. All obtained thermodynamic quantities; Δ iso G, Δ iso H and TΔ iso S were plotted against the x RE as shown in Figure 6 . It was suggested that apparent thermodynamic quantities; Δ iso X (X=G, H and S) existed as a function of x RE(III) because the linearity was very good for all plots of thermodynamic quantities. These apparent thermodynamic quantities indicated that it was sum of those which was based on free [ . That is to say, the apparent thermodynamic quantities; Δ iso X (X=G, H and S) were expressed as the following equation [20] .
Where n stands for the solvation number of RE(III), n=5.0. Therefore, from the relationship of Eq. (6) , the values of Δ iso X at x RE(III) =0 and 0.33 are Δ iso X(bulk) and Δ iso X(RE), respectively, as shown with the broken lines in Figure 6 . Thermodynamic quantities for [TFSA] -of the bulk and the first solvation sphere of RE cation were listed in [53] revealed that the coordination numbers of dysprosium in aqueous nitrate and chloride solutions were assigned from 8 to 9 by EXAFS analysis. As a result, our results were consistent with the above reports. cluster. The average atomic charges and the bond distances of these clusters were consistent with the thermodynamic properties.
